We measured pulmonary clearance of aerosolised 99mtechnetium-labelled diethylenetriaminepentacetate (99mTc-DTPA) in thirty-four patients with acute respiratory dysfunction. Results were expressed as a half-time clearance from lung to blood (Tv). In sixteen non-smoking patients with acute lung injury, clearance was monoexponential, median T lh 11, range 4-40 min, and in five multi-exponential, median rapid T V2 3 min, with a slower median T V2 of 18 min (range 2-4 and 15-31 min respectively). Clearance was significantly (P < 0.0001) more rapid than normal non-smoking subjects previously studied (median T'I2 70, range 37-182 min). Three smokers with acute lung injury had TlhS of5, 18 and 22 min, not significantly (P> 0.05) quicker than normal smokers previously studied (median TV220, range 6-73 min). One smoking lung-injured patient had an abnormal multi-exponential 99m Tc-D TPA clearance. Four patients with cardiogenic pulmonary oedema had T lhS within the normal range. Repeated measurements made on nine patients with acute lung injury showed that clearance remained abnormally rapid despite improvements in lung radiographic appearance and gas exchange. We conclude that the 99mTc-DTPA technique provides a virtually non-invasive measure of alveolar-capillary barrier dysfunction in non-smoking patients with acute lung injury.
but which is prone to injury from agents borne by blood or air.
The end result of processes disrupting the integrity of the ACB is an increased permeability, which in mild or moderate form may be impossible to detect with conventional pulmonary function tests, and in its severest form is manifest as the pulmonary oedema of the adult respiratory distress syndrome (ARDS).I There are difficulties in conventional approaches to the diagnosis of lung injury, the assessment of severity, and the response to treatment. Chest radiography, arterial blood gas analysis and measurement of lung compliance may reveal abnormalities common to any form of pulmonary oedema.
Also, a detectable increase in lung water (most readily assessed by chest radiograph) may occur at a relatively late stage in the pathological process, since pulmonary lymph flow may increase and thus delay the development of pulmonary oedema. 2 There would therefore be considerable value in a technique which allowed an assessment of either the rate of fluid filtration, or ideally the permeability, of the alveolocapillary barrier. This would allow the diagnosis of increased permeability, with or without pulmonary oedema. Furthermore, this would allow an earlier diagnosis of those patients at risk of ARDS, and could facilitate study of the evolution of the disorder and the development of effective specific therapy.
We report here our further experience of a technique which we designed 3 to assess the permeability of the ACB by measurement of the rate of pulmonary clearance, from alveoli to blood, of aerosolised 99mtechnetium labelled diethylenetriaminepentacetate e 9m Tc-DTPA). The clearance of this hydrophilic solute (molecular weight 492 daltons) was studied in a group of patients in whom the diagnosis of acute lung injury was considered. METHODS The study was approved by the Northwick Park Hospital Ethical Committee. The majority of patients (nos. 1-27 in Table 1 ) were studied after admission to the Intensive Therapy Unit with conditions considered likely to predispose them to increased permeability pulmonary oedema. Serum albumin was in the normal range in all patients at the time of initial study. None of these twenty-seven patients had evidence of myocardial ischaemia, as gauged by the absence of characteristic chest pain, no electrocardiographic changes, and no elevated levels of cardiac enzymes. One of the patients, no. 22 in Table I , had been overtransfused. There was no evidence of fluid overload in other patients.
Three patients (nos. 28-30 in Table 1 ) with acute pulmonary tuberculosis were studied.
Four patients (nos. 31-34 in Table 1 ) were studied suffering from pulmonary oedema due to myocardial ischaemia and left ventricular failure.
Anaesthesia and Intensive Care. Vol. 17. No. 4, November, 1989 All patients had chest radiographs taken close to the time of study with 99mTc_DTPA. Arterial blood was obtained while the patient breathed a known concentration of oxygen, and the virtual shunt calculated. 4 For the measurement of pulmonary clearance of 99mTc_DTPA, we employed the technique that we have previously described. 5 In outline, the output of an Acorn nebuliser was filtered to generate a suitably small aerosol of 99mTc_DTPA, thus biasing deposition towards alveoli and terminal airways. Collimated scintillation detectors measured the deposition of 99mTc_DTPA and its subsequent clearance from the lung, and simultaneous appearance in the thigh where it is borne by the bloodstream. The chest detector registered activity not only from lung tissue, but from vascular and interstitial tissue as well, since as the 99mTc_DTPA is transferred into the blood stream, this contributes increasingly to the counts recorded. Radioactivity in the thigh changes in the same proportion as radioactivity in the vascular and interstitial tissues within the field of the chest detector,6 so that the thigh readings can be used retrospectively to derive the corrected chest counts. This enabled lung clearance to be studied over prolonged periods and thus mono-and multi-exponential patterns of clearance to be recognised, and the latter resolved into two components (by computer program 'DISCRETE' specifically developed for the analysis of muiticomponent exponential decay data). All detector readings were corrected for background activity and for radioactive decay of 99mtechnetium. A plot of declining radioactivity versus time was made, and least squares linear regression used to calculate the regression coefficient of this line, from which the half-time clearance rate T,j, was derived.
All patients were studied in bed, sitting or lying supine. The scintillation detector was positioned over the right upper zone of the lung, or over the left upper zone if the chest radiograph indicated there was right-sided collapse or consolidation. Three patients, nos. 25, 26, 27 had diffuse pneumonia, so that consolidation underlying the detector was impossible to avoid. In patients suffering from acute tuberculosis (nos. 28, 29, 30) the Footnote RTA refers to a road traffic accident, DIC to disseminated intravascular coagulation, PEEP to positive endexpiratory' pressure in cm H 2 0 and PAOP to pulmonary artery occlusion pressure in mmHg. scintillation detector was positioned over the midzone of the right lung, an area that did not appear to be infected on chest radiograph.
For statistical purposes, the T'hS measured in these patients were compared with results previously obtained in normal subjects in our laboratory (some of these results have previously been published,s.7 but with no correction for radioactive decay of 99mtechnetium). Thirty-one non-smoking and 44 cigarette-smoking subjects have been studied to date. Results were log-transformed to normalise the distribution of T'hS in each group, so that the geometric means (with 95% of the population calculated from ± 2 X log standard deviation) are: non-smokers 75 (31-151 min, and smokers 20 (6.4-61) min. The Mann-Whitney U test, applied to untransformed data, indicates a significant difference (P < 0.05) between these groups.
This test was also used to compare T'hS in nonsmokers and smokers with lung injury, both between these groups and with normal nonsmokers and smokers respectively. RESULTS Table 1 lists details of the clinical conditions and results obtained in 34 patients. Patients are grouped according to the aetiology of their lung disorder. Figure 1 is a diagram of the T'hS in various categories. Table 2 details the sequential changes in T'h in the nine patients (nos. 1, 4, 7, 10, 11, 12, 13, 15, 22) in whom repeated measurements were made.
Ten patients died (nos. 2, 6, 8, 14, 15, 16, 23, 25, 26, 27) , and 21 patients required intermittent positi ve pressure ventilation. There was considerable variation in the extent of pulmonary oedema assessed by chest radiography, both between patients, and with time in individual patients. Generally, the radiographic appearances lagged behind other tests oflung function such as arterial blood gas analysis.
Our main findings using the 99mTc_DTPA technique may be summarised as follows. All non-smoking patients in whom the diagnosis of acute lung injury was made by conventional means had a rapid rate of 99mTc_DTPA clearance. Considered as a group, their T'hS were significantly (P < 0.0001) more rapid than normal non-smokers previously studied Anaesthesia and Intensive Care. Vol. J 7, No. 4. November, 1989 in our laboratory. Generally the most severely affected patients presented with the most rapid T'hS. Immunocompromised patients with diffuse penumonia (nos. 25, 26, 27) all had a rapid T'h of four minutes. Sequential studies ( Table 2 ) showed a slower return to normal of the 99mTc_DTPA clearance than the abnormalities in gas exchange or radiography. Nine patients (nos. 1, 4, 5, 7, 10, 12, 14, 15, 17) either presented with or developed a multiexponential pattern of99mTc-DTPA clearance. Of these, only patient 14 smoked. Smokers with acute lung injury (nos. 2, 6, 8, 14) had 99mTc_DTPA clearance T'hS not significantly different (P> 0.05) from normal smokers (although patient 14 had an abnormal multiexponential pattern of clearance and was not included in this statistical analysis). There was also no significant difference in patients with acute lung injury between non-smokers and smokers. Four patients with pulmonary oedema due to left ventricular failure (nos. 31, 32, 33 and 34) had rates of 99mTc_DTPA clearance within the normal range of their smoking status (the two smokers had the most rapid T'hS). The differences between these various groups are illustrated in Figure 1 .
Four case reports are presented to indicate the sequential changes found to occur in patients at risk from increased alveolocapillary permeability.
Case report of patient no. 4
A 43-year-old non-smoking male was admitted following a benzodiazepine overdose. He was profoundly comatose, was endotracheally intubated prior to gastric lavage, transferred to the Intensive Therapy U nit, and extubated when he awoke and had a normal chest radiograph and arterial blood gases. Two days later, whilst he was on a general medical ward, he became increasingly confused and aggressive, and penumonia was diagnosed. His chest radiographs at this time showed consolidation in the posterior basal segment of the right lower lobe. Despite antibiotic treatment which included benzyl penicillin, flucloxacillin, gentamicin and metronidazole, he became increasingly hypoxic: breathing spontaneously, his P a02 was 6 kPa on 60% oxygen. He was readmitted to the Intensive Therapy Unit for intubation and ventilation. Total pulmonary compliance smokers. Data is included for normal subjects previously studied in our laboratory. Two of the first 27 patients detailed in Table 1 are omitted from the 'ARDS' categories: patient 13 who showed evidence of myocardial depression; and patient 22, who was fluid overloaded. Of the six patients with 'ARDS' who presented with rapid multi-exponential patterns of 99mTc_DTP A clearance, only the rapid exponential component is included for clarity (~ for non-smokers, .A.for smokers). LVF refers to left ventricular failure (2 non-smokers, 2 smokers).
was 45 mllcm H20. Positive end-expiratory pressure (PEEP) was not used. His 99mTc_ DTP A clearance was determined for the first time, shown in Figure 2 , day 4. The calculated Tlh was 8 minutes. His blood pressure was 80/40 mmHg, peripheral perfusion was poor, and upon pulmonary artery catheterisation his pulmonary artery pressures were 33/20 mmHg, and his pulmonary artery occlusion pressure (PAOP) was 12 mmHg. Dopamine was commenced and intravenous fluids limited to 2litres/24 hours. The diagnosis was made of aspiration pneumonia complicated by an increased permeability form of pulmonary oedema. No organism was isolated from blood or sputum, but penumococcal antigen was subsequently identified in a urine specimen. Despite careful control of his fluid balance, his radiograph appearances worsened, showing widespread patchy alveolar shadowing throughout both lung fields. Subsequently, although his gas exchange gradually improved, and he was weaned from the ventilator after seven days, his 99mTc_DTPA clearance remained abnormally rapid for many weeks (illustrated in Figure 2 ). By weeks four and six he was mobilising, but felt short of breath on walking. By week ten, he felt completely well, and could exercise fully, although his Tlh was still unusually rapid at 26 minutes. Indeed, only at six months after his illness did his T'I2' at 58 minutes, return to the normal range.
Case report of patient no. 10 A 10-year-old girl suffered for two days from fever, sore throat, and enlarged and tender lymph nodes in her neck, for which she was given amoxycillin. When admitted to hospital she was hypotensive and had developed neck snifTness and a generalised skin rash which subseqently became confluent. A lumbar puncture was clear, and she was transferred to the Intensive Therapy Unit. She was cold peripherally, her blood pressure was 80/50 mmHg, and her central venous pressure was 8 cm H 2 0. A dobutamine infusion was commenced and intravenous antibiotics continued. Initially her blood gases and chest radiograph were normal; however over the next few hours she became dyspnoeic and hypoxaemic (P a02 of 8 kPa on 40% oxygen). Pulmonary clearance of 99m Tc-DTPA was measured and a bi-exponential pattern of clearance found (Figure 3) , indicative of increased alveolar-capillary permeability. Despite careful control of fluid balance, and continuing inotropic support, her respiratory distress did not improve and she began to tire. She was intubated and ventilated; her chest radiograph showed extensive bilateral infiltrates, most marked in the mid zones. Positive pressure ventilation was necessary for four days, during which time her condition gradually improved. Three days after extubation, when she had no respiratory symptoms or signs, normal blood gases and a normal chest radiograph, her pulmonary clearance of 99mTc_DTPA showed a monoex.ponential pattern with a T1f2 of 8 minutes.
Some skin peeling was evident around her
Anaesthesia and Intensive Care. Vol. 17 fingers at this time, and although no pathogenic organism was isolated from any site during her illness, the diagnosis of Toxic Shock Syndrome was considered. She was discharged and lost to further follow-up.
Case report of patient no. 12
A 75-year-old non-smoking male underwent a transurethal resection of the prostate, complicated by bleeding. This continued postoperatively and he was admitted to the Intensive Therapy Unit, where his transfusion requirements were guided by measurements of central venous pressure (maintained around 8 cm H 2 0). The following day he returned for two further operations, initially for clot retention, and subsequently for laparotomy, at which a tear in the prostatic capsule was repaired. He had received by this time a total of 26 units of blood and 10 of plasma. Twelve hours later he became breathless and mildly hypoxaemic (Pa02 9 kPa on air). A chest radiograph at this time was essentially normal. However, he became increasingly hypoxic, such that he required intubation and positive pressure
...... ventilation. On 100% oxygen, and with 5 cm Hp PEEP, his Pa02 ranged between 5 and 6.5 kPa. His pulse rate was 100/min, blood pressure 90/60 mmHg, and CVP 10 cm Hp. His pulmonary artery pressures were 20/15 mmHg, and P AOP 10 mmHg. A dopamine infusion was commenced, and antibiotics given for treatment of a presumed septicaemia. Pulmonary clearance of 99mTc_ DTPA was measured, and a TI/2 of 9 minutes calculated (Figure 4, day 2) . A repeat chest radiograph now showed generalised alveolar shadowing. Positive pressure ventilation was necessary for 84 hours. The sequential changes in 99mTc_DTPA clearance are summarised in Figure 4 . On the sixth postoperative day, when his chest radiograph showed no pulmonary oedema and he had been extubated, his 99mTc_ DTP A clearance T 1/2 was still abnormally rapid at 18 minutes. Restudied six weeks later, when he was fully recovered, his TIj,at 66 minutes had returned to the normal range .
Case report of patient no. 13
A 60-year-old non-smoking man, who years previously had a splenectomy following trauma, developed pneumococcal septicaemia. His main complaint was of excruciating pain in his hands and feet, which were almost pulseless and very poorly perfused. He was also hypotensive at 75/50 mmHg, and breathless with a Pa02 of9 kPa on 45% oxygen. His chest radiograph showed slight cardiac enlargement, with some shadowing at the lung bases and obscuring the left heart border. His pulmonary artery pressures were 30/20 mm Hg, with a PAOP of 16 mmHg. The 99mTc_ DTP A clearance T 1/2 was 37 minutes. He was treated with antibiotics and infusions of dobutamine and prostacycline. The chest radiographic appearances deteriorated slightly, but he remained spontaneously breathing 60% oxygen to provide an adequate Pa02. In view of unremitting pain, and no improvement in peripheral circulation, he was also treated with hyperbaric oxygenation, two atmospheres absolute for two hours. The following day his 99mTc_DTPA clearance TIj, was measured as 20 minutes. Subsequent improvement was slow, and uncomplicated by any further respiratory dysfunction.
DISCUSSION
The salient features to emerge from this study concerning the 99mTc_DTPA technique are as follows. In all non-smoking patients in whom there was corroborative evidence of acute lung injury, the TI/2 was consistently abnormal. Smokers with acute lung injury had TIj,s similar to non-smokers with acute lung injury, and to normal smokers. A multiexponential pattern of clearance was found at some stage in a third of patients with pulmonary oedema due to acute lung injury, whereas in patients with pulmonary oedema secondary to left ventricular failure the rate of 99mTc_DTPA clearance was monoexponential and within the normal range for their smoking habit. Serial 99mTc-DTPA studies indicate abnormal alveolar-capillary barrier function persists after gas exchange and radiographic appearances of the lungs have returned to normal. Whilst gases are able to diffuse through the whole of the alveolar-capillary surface area, the diffusion of hydrophilic solutes such as 99mTc_DTPA is thought to be restricted to the much smaller surface area occupied by the intercellular junctions. 3 The alveolar epithelial cell layer is thought to have much 'tighter' junctions than the pulmonary capillary endothelium. 99mTc_DTPA has a molecular radius of 0.6 nm, similar to the calculated equivalent pore size of the interepithelialjunctions. The implications are that increased permeability of the alveolarcapillary barrier to this tracer could be detectable at an early stage of lung injury, as our studies and those of others indicate. 7 Similarly, the evolution of the permeability defect may be followed by repeated measurements during the course ofthe illness. The 99mTc_DTPA clearance technique should also be very sensitive and may detect an increase in 'pore' size of the ACB which is too slight to have clinical effect. This is the most likely explanation for the rapid clearance seen with lung distension or in cigarette smokers (discussed below).
Twenty-seven patients were studied (nos. 1-27 in Table 1 ) in whom initially an increased permeability form of pulmonary oedema was suspected. On later assessment, one patient (no. 13) was thought to be suffering Anaesthesia and Intensive Care. Vol. 17 principally from myocardial depression, reflected in his wedge pressure measurements of 16 mmHg and probable cardiac enlargement on chest radiograph, and a second patient (no. 22) was fluid overloaded.
In the remainder, we believe the underlying pulmonary pathology was an increased permeability of the alveolar-capillary barrier. Some patients obviously had more severe pulmonary damage than others. No single conventional measurement or test can adequately demonstrate this, although some idea can be gleaned from the severity of impairment of gas exchange, radiographic appearance, the need for and duration of intermittent positive pressure ventilation, as well as the eventual outcome. Generally the most severely affected patients presented with the most rapid T1hS. The rapid clearance measured in patients with diffuse pneumonia presumably reflects the increased permeability which is a fundamental part of the inflammatory process associated with infection. The patients with tuberculosis were studied to try to provide warning of the deterioration in pulmonary function, suspected to be due to increased alveolocapillary permeability, which sometimes accompanies the start of effective antibiotic treatment. 98 No repeat studies were made as the initial clearance rate was already abnormally rapid. A multi-exponential pattern of tracer clearance can be distiguished by our technique because the method of background correction permits the recording of data for a long period.
Six patients presented with multi-exponential curves and in three others this pattern was observed in repeat studies. The curves can be described by combination of a fast and a slow component (see Figure 3 ). It is possible that the fast component reflects alveolar permeability, and the slow component clearance from tracer deposition on conducting airways (which we have previously shown to have a much lower rate of 99mTc_DTPA clearance 9 ). Aerosol distribution may also vary unpredictably in oedematous lungs. However, against this argument, a multi-exponential pattern of clearance can still be found when pulmonary oedema has resolved (for example patient no. 4, Figure 2 , day 12). Similarily, our four patients with left ventricular failure had mono-exponential T1hS, despite being studied at a time when there was marked pulmonary oedema on chest radiograph. Furthermore, the much smaller surface area of airways compared to alveoli makes it unlikely that airway deposition could contribute such a large amount of clearance.
For these reasons we suspect the fast component may represent a population of extremely leaky alveoli, which are abnormally permeable to albumin as well as 99mTc-DTPA (ARDS patients have a high concentration of albumin in pulmonary oedema fluid). 10 Perhaps these patients have a nonhomogeneous distribution of lung injury; their bi-exponential clearance curves are similar to those we have described in rabbits given intravenous oleic acid, II which is known to cause a patchy form of pulmonary injury. 12 In nine patients, (nos. 1, 4, 7, 10, 11, 12, 13, 15, 22) the 99mTc-DTPA clearance was studied on several occasions (results summarised in Table 3 ). Interestingly, it consistently took much longer for the 99mTc_DTPA Tlh to return to normal values than for clinical recovery to occur. This might be due to increased efficiency of compensatory mechanisms such as pulmonary lymphatics, dealing with a greater volume of fluid. Probably more likely is that the delayed recovery to normal of the 99mTc_DTPA Tlh reflects the sensitivity of the method for detecting alveolo-capilIary barrier injury. A small increase in 'pore' size of the barrier that persists during the recovery phase may not allow albumin and other large colloidally active solutes to pass, but 99mTc_DTPA can still rapidly diffuse out of the air spaces.
The breathing of oxygen in high concentration may influence solute clearance, which is to be expected as the most serious manifestation of pulmonary oxygen toxicity is increased permeability pulmonary oedema. 13 Two days of breathing 50% oxygen is known to increase the clearance of 99mTc_DTPA from the lungs of normal subjects. 14 This complicates the interpretation of serial measurements: for example hyperbaric oxygen therapy is likely to have contributed to the cause of the increase in clearance described in patient 13.
Other therapeutic manoeuvres may interfere with results of the technique. Lung distension, produced for instance by PEEP, increases the clearance rate. IS The mechanism of this effect is not known. Seven of our patients were being ventilated with PEEP at the time of study, and although when PEEP is applied to damaged lungs in which clearance is already rapid there is little further effect upon clearance,16 the results in these patients are obviously difficult to interpret. This did tempt us to avoid the use of PEEP if possible in our patients, at least initially, although there are other more cogent reasons. PEEP usually increases the dead space of the lung, necessitating a higher minute volume to maintain the same PaC02. Both these manouevres increase the risk of barotrauma. Slavin and Nunn,17 reporting upon patients from our Intensive Therapy Unit some years ago, demonstrated an association between the use of PEEP and the finding at post mortem of grossly dilated bronchioles. PEEP can also have deleterious effects upon the cardiac output; although this effect is less if the lungs are poorly compliant, this is the circumstance in which the lungs may be most subject to barotrauma. However, PEEP has been shown to redistribute lung water in both hydrostatic I 8 and increased permeabilityl9 pulmonary oedema, moving fluid from alveoli to the perivascular cuffs, with beneficial effects upon gas exchange. A level of PEEP above which barotrauma is increasingly likely may be determined by measurements of lung compliance curves. 20 Cigarette smokers also have an increased rate of clearance,5 so that their Tv, is likely to fall within the range that a patient with incipient or established ARDS might occupy (see Figure 1 ). Although some recovery towatds normal occurs upon cessation of smoking,21 the test obviously has limited value in smokers. In one previously reported study of patients with ARDS studied by a similar technique, ten out of fourteen patients smoked. 22 We suspect that cigarette smokers have a slight increase in 'pore' size of the ACB, secondary to the inflammation provoked in lung parenchyma. This is not normally clinically significant. However there are two lines of evidence to suggest that smoking predisposes to acute lung injury: salicylate poisoning in cigarette smokers is more likely to lead to pulmonary oedema than in nonsmokers,23 and patients with anti-glomerular basement membrane antibodies are much more likely to get haemoptysis if they smoke than if they do notY Four of our 27 patients smoked, not a reflection of the local population, but of our disinclination to obtain results that can have little influence upon management.
In conclusion, measurement of pulmonary clearance of 99[11Tc_DTPA is a virtually noninvasive test of the permeability of the alveolar-capillary barrier to a small (MW 492 daltons) hydrophilic molecule. It is useful in evaluating the complex pathology of pulmonary failure in intensive care patients. However, it is sensitive to the effects of cigarette smoking and to PEEP, although multi-exponential clearance is not seen with these stimuli, and it shows a continuing abnormality when conventional tests of pulmonary function have returned to normal.
